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Section S1. Inversion method and data verification of RL parameters

aer

Lidar ratio (LR) at 355 nm. Aerosol LR ( ko ) is defined as the aecrosol extinction—to—backscatter ratio

acr __aer acr acr acr
Sy, (z)=ay (z,)/B; (z,) o . oy . A
° ° ° ). The aerosol extinction coefficients ( “° ) and backscatter coefficients (* “° ) at 355 nm were

(

calculated from the elastic and inelastic return signals (Ansmann et al., 1990; Ansmann et al., 1992b). We assumed particle

scattering to be proportional to A with the value of k=1 for pollution aerosol (Ansmann et al., 2005) and k=0 for dust
(Ansmann et al., 1992a). The nitrogen molecule number density, atmospheric molecule extinction, and atmospheric molecule
backscatter were derived from a standard atmosphere model. Only nighttime (from 18:00 to 06:00 local time) data were used
to compute the LR due to the large daytime background noise. Moreover, 10—point spatial smoothing and three—hour averaging
for the nitrogen Raman signal were used to reduce the relative error in computing the LR (Fig. S12). The overlap function
(Wandinger and Ansmann, 2002) must be used to determine the LR in the lower lidar layer, it was computed under clear
conditions.

Particle linear depolarization ratio (PLDR) at 532 nm. Volume linear depolarization ratio (VLDR) is calculated from
the ratio of the calibrated perpendicular polarized signal to the parallel polarized signal, and then PLDR is derived from VLDR
and backscatter coefficient (Freudenthaler et al., 2009).

Aerosol extinction coefficient at 355 nm (EXT3ss). As the signal-to—noise ratio of the inelastic backscatter Raman
signal was extremely low during daytime, only the elastic backscatter signal was available and thus the Fernald method (Klett,
1981; Fernald, 1984) had to be used to retrieve the EXT3ss. This method requires two crucial assumptions, a reference value
of the EXT3ss as in the inelastic method and the range—dependent LR, which may cause greater errors under heavy pollution
conditions (Sasano et al., 1985). To obtain accurate values of the EXT3ss, a reasonable evaluation of the range—dependent LR
is necessary. Considering that the vertical structure of aerosols in the same heavy pollution incident has similar characteristics,
we used the nighttime average LR to represent the daytime values. In addition, a 10—point spatial smoothing average for the
elastic backscatter signal was used to reduce the relative error in computing the EXT3ss.

Aerosol extinction coefficient at 532 nm (EXTs32). The total elastic backscatter signal (Ansmann et al., 1992a) profile

P (z=P._ (z)+P__ (z
2 >3 @, () . The retrieval method is the same as

at 532 nm was used to compute the EXTs3,, which is defined as
that using the elastic backscatter signal to compute the EXT3ss, but the LR at 355 nm was set equal to the LR at 532 nm
(Sugimoto et al., 2002). This assumption may introduce additional errors due to the wavelength dependence of LR (Grof3 et
al., 2015; GroB et al., 2017). Thus, the EXT3ss was used to analyze the air pollution status during the observation period.
Water vapor mixing ratio. The water vapor mixing ratio can be defined as the ratio of water vapor mass to the dry air
mass within a certain volume. The water vapor mixing ratio m(z) can be derived by detecting the Raman signal of water vapor

(Whiteman et al., 1992; Behrendt et al., 2002)
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Where z is the height; ¢y, is the system calibration constant; Aq,, is the transmission correction function; and Iy and Ix

m(z)=c_*Aq,,(z,.2)

(1

are the inelastic backscatter Raman signals of water vapor and nitrogen, respectively. A 10—point spatial smoothing and hourly
average for the water vapor and nitrogen Raman signal were used to calculate the water mixing ratio to reduce relative error.
Relative humidity (RH) can be obtained by combining the water vapor mixing ratio m(z) measured by RL and the temperature
and pressure profile simulated by the Weather Research and Forecasting (WRF) model coupled with Chemistry (WRF-Chem)
model. We needed to spline—interpolate the spatial resolution of temperature and pressure profile to 7.5 m due to the different
spatial resolution between WRF-Chem model and RL.

In addition, the seasonal average vertical structure of EXTs3; and PLDR was compared with the Cloud—Aerosol Lidar
and Infrared Pathfinder Satellite Observations (CALIPSO) lidar. The CALIPSO satellite provides the vertical structure of
global aerosols since Jun 2006. The system emits linearly polarized light at 532 and 1064 nm, and simultaneously receives
532 nm parallel and cross—polarized backscatter signals. A complete overview of the architecture and performance of
CALIPSO and the data retrieval algorithms can be found in Hunt et al., 2009 and Winker et al., 2009, respectively. The
CALIPSO level 2 aerosol profile products (“CAL LID L2 05kmAPro—Prov—V3-407), including EXTs3; nm and PLDR at
532 nm, are used for comparison. It is difficult to expect aerosols in the planetary boundary layer to be similarly distributed
over a long distances (Anderson et al., 2003). Thus, only CALIPSO overpasses that occurred at a distance of less than 150 km
and a temporal difference of less than 1h were selected. A total number of 18 overpasses from 23 Jan to 29 Mar 2017 was
found, 15 qualified for comparison. Details of the 15 cases used for comparison are listed in Table S2. Figure S13 provides a
comparison of three—month average aerosol extinction coefficient and PLDR vertical structure between RL and CALIPSO
satellite measurements. We also calculated the relative bias to quantify the comparison by the following equation:
Bias(2)-100% » s DB (@ o

caurso (2)

Where z is the height, § is the EXTs3; or depolarization ratio measured by RL and CALIPSO. Generally, the three-month
average comparison results are in reasonable agreement with such efforts over other parts of the world (Pappalardo et al., 2010;
Tesche et al., 2013).
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Figure S1. Cluster analysis of 24-h air mass backward trajectories (AMBTSs) initialized at 500 m and 1000 m from 20 Jan to
5 Feb 2017. The numbers in the map are the fraction of each category of AMBTs and the numbers in brackets are the
corresponding spatially average EXTsss value at 450 m—550 m and 950 m—1050 m (unit: km™), respectively. The 24-hour
AMBTs were computed using the Hybrid Single—Particle Lagrangian Integrated Trajectory (HY SPLIT) model of the National
Oceanic and Atmospheric Administration (Draxler and Hess, 1998). We calculated the hourly AMBTs during the whole
observation period initialized at 500 m and 1000 m. Then, cluster analysis of AMBTs was conducted in three categories
directions. Base map is from TrajStat 1.2.2 software (http://www.meteothinker.com).
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Figure S5. Comparison of simulated and observed PM, 5 during the whole observation. Time series of the observed (red dots)
and simulated (blue triangle) hourly PM, s concentrations (ug/m?) in the eight cities (Chengde, Zhangjiakou, Beijing, Tianjing,
Baoding, Cangzhou, Shijiazhuang and Hengshui) from 21 Jan to 6 Feb 2017.
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percentage of EXT3ss of total EXT3ss. The percentage of EXTsss is used to characterize the aerosol concentrations at different
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line and the envelope represents the errors at each altitude. The time (LTC) of each profile is displayed at the top of each panel.
Error bars are calculated from the law of error propagation, which primarily depends on the signal-to—noise ratio (Heese et al.,
2010) of the input signal given in Table 1.
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Figure S13. Comparison of average PLDR and EXTs3, between RL and CALIPSO over Jan to Mar 2017. (a) Comparison of
PLDR, and (b) EXTs3; measured by CALIPSO and RL. The envelope over the horizontal bars in (a) and (b) represents one
standard deviation at each altitude. The relative bias of PLDR and EXTs3, compared with RL and CALIPSO are shown in (c)
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Table S1. The duration of each HPI during our whole observation.

Case

Period (LTC)

HPI 1

2017/01/22 11:00-2017/01/26 23:00

HPI 2

2017/02/01 11:00-2017/02/05 06:00

HPI 3

2017/01/05 04:00-2017/01/08 04:00

HPI 4

2017/01/15 10:00-2017/01/19 12:00

HPI 5

2017/01/27 14:00-2017/01/29 07:00

HPI 6

2017/02/14 16:00-2017/02/16 13:00

HPI 7

2017/02/18 00:00-2017/02/19 18:00

HPI 8

2017/03/03 10:00-2017/03/05 20:00

HPI 9

2017/03/16 03:00-2017/03/23 05:00
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Table S2. CALIPSO overpasses (within 150 km distance) used for comparison during our observation period.

Date Time (UTC) Separation (km)
23 Jan 1813 51
1 Feb 1808 83
2 Feb 0448 144
8 Feb 1815 51
9 Feb 0454 14
17 Feb 1809 83
18 Feb 0449 144
24 Feb 1816 53
25 Feb 0456 13
5 Mar 1811 83
6 Mar 0451 144
12 Mar 1838 49
21 Mar 1813 88
28 Mar 1820 46
29 Mar 0500 8
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